We study photodetection in graphene near a local electrostatic gate, which enables active control of the potential landscape and carrier polarity. We find that a strong photoresponse only appears when and where a p-n junction is formed, allowing on-off control of photodetection.
focussed scanning laser. A density difference induced by the top gate that does not create a p-n junction does not create local photosensitivity.
Comparing experimental results to theory suggests that the photocurrent generated at the p-n interface results from a combination of direct photogeneration of electron-hole pairs in a potential gradient, and a photothermoelectric effect in which electric fields result from optically induced temperature gradients 8, 11 . Both effects are strongly enhanced at p-n interfaces: The enhancement of direct photocurrent results from its scaling inversely with local conductivity, while the thermoelectric contribution is enhanced by the strong spatial dependence of the Seebeck coefficient near the p-n interface. As neither mechanism is wavelength selective, the overall effect should provide broadband photosensitivity. We further anticipate that the ability to activate local photosensitive regions using gate voltages will provide pixel-controlled bolometers for imaging or spectroscopy with broadband sensitivity and subwavelength spatial resolution.
A typical device layout and micrograph are shown in Fig. 1 . Graphene was deposited onto ~300 nm of silicon dioxide on degenerately doped silicon by mechanical exfoliation, similar to the method described by Novoselov et al. 12 . Contacts (titanium/gold) to graphene were defined by conventional electron beam lithography, and a functionalization layer based on NO2 was deposited by atomic layer deposition (ALD), followed by in situ ALD of 20 nm of aluminum oxide (Al2O3) using a trimethylaluminum precursor 13, 14 . Finally, the gate electrodes were defined by electron beam lithography and deposited by Ti / Au (5 nm / 40 nm) thermal evaporation.
Devices were characterized initially in vacuum, in a standard field-effect transistor (FET) configuration with a source-drain bias of VD = 1 mV as a function of top and back gate (substrate) voltages. A twodimensional plot of drain current ID as a function of top gate voltage, VT, and back gate voltage, VBG, for the device in Fig. 1b is shown in Fig. 1c , with white lines indicating charge neutrality points under and outside of the top-gated region. The four regions defined by these lines are denoted p-n-p, n-n′-n, p-p′-p, and n-p-n, with the middle letter indicating the region under the top gate.
After electrical testing, the devices were wire bonded to chip carriers and placed in a chip socket for high resolution scanning photocurrent measurements. These were carried out using a custom-built confocal scanning microscope. The excitation source (Koheras SuperK supercontinuum laser) was coupled to an acousto-optic tunable filter, enabling the excitation wavelength to be tuned through the visible spectrum. The beam was directed into a 100x objective using a scanning mirror. The objective lens of the microscope (100x, 0.8 numerical aperture) focused the beam to a diffraction-limited spot on the device of about 500 nm diameter. All measurements were taken at room temperature in ambient atmosphere. This measurement condition is different from the initial testing and the background doping was changed from slight p-type to n-type. Figure 1d shows the photocurrent response to the scanned laser for zero applied source-drain bias and gate voltages, VD = VT = VBG = 0. In these scans, the laser spot size was ~ 0.5 µm, with wavelength λ = 600 nm and power P = 40 µW. Red and blue regions in the figure close to the source and drain contacts and on either side of the gate electrode represent distinct electron and hole photocurrents.
Photocurrent as a function of top gate voltage and position (along the vertical cut in Fig. 1d ) is shown in Fig. 2a . A strong photoresponse on the two sides of the top gate appear for VT < VDirac = 0.9 V, corresponding to the Dirac point under the top gate. For VT < VDirac holes are the majority carrier type under the top gate, while for VT > VDirac electrons dominate. Taking into account the slight n-type background doping of the graphene flake this indicates that the photoresponse near the gate is strong for an n-p-n configuration, and absent for an n-n′-n configuration. We note that no appreciable photocurrent was observed in the range VT = 1.7 V to 10 V (not shown in the figure). Comparable gate-dependent localized photoresponse was observed in several devices over a range of excitation wavelengths from 480 nm to 750 nm.
In recent experiments [5] [6] [7] , photocurrents induced by laser illumination near metallic contacts were studied and attributed to carrier separation due to band bending at the contacts. Here, however, we investigate photocurrent induced well inside the graphene sample, far from the contacts. While band bending associated with the top gate potential Ug(x) do produce electric fields and hence photocurrents, it is important to understand why the strong photoresponse we observe only appears when a p-n junction is formed, not when the gate produces an equally large density gradient in the unipolar (p-p' or n-n') regime.
We note that photoexcited carriers typically decay on a time scale of picoseconds, cascading from high energy hf (with f the photon frequency) to a thermal distribution 15 . This occurs well before carriers have reached the contacts, making their direct contribution to photocurrent negligible. However, despite their short lifetime, photoexcited carriers do contribute indirectly to photocurrent response by producing a local photocurrent density jX within the excitation spot, which in turn generates an electric field EX = − ρjX , where ρ is the local resistivity. This photoinduced field, EX, then drives current far from the excitation region, which can induce current in the contacts. Because EX depends on local resistivity, ρ(n), which has a strong peak at n = 0, this field is strongly enhanced at the p-n junction. In addition, enhanced photoresponse when a p-n junction is formed can result from a simple steepening of the potential gradient ∇Ug due to reduced screening from carriers in the graphene 16 .
Besides the conventional photocurrent mechanism, it is necessary to also consider photo-thermoelectric currents, which are also strongly enhanced at p-n junctions 17 . In the photo-thermal mechanism, relaxation of photoexcited carriers, through interaction with other carriers and phonons, generate additional excited carriers, yielding a highly populated distribution at a locally elevated effective temperature. Gradients of effective temperature produce thermoelectric fields ET = S∇T by the Seebeck effect (S is the Seebeck coefficient), resulting in photocurrent response at the contacts. Accounting for both mechanisms, we model photocurrent response as the sum of the local photoinduced fields EX +ET, integrated over the sample area,
In Eq. (1), RSD is the source-drain resistance, W is the width of the top gate along the p-n interface, and NX and η are density and mobility of the photoexcited carriers 17 . According to the Mott formula, S is proportional d ln(ρ) dµ , where µ is the chemical potential. Thermopower measurements confirm that this relation holds in graphene 11 . Importantly, S depends on density and strongly varies near zero density.
Although the temperature gradient has zero mean when taken across the whole sample, the strong variation of the Seebeck coefficient in the region where the gradient changes sign can convert the thermal gradients into a sizable net current.
Taking a typical value S=50 µV/K from Ref. 11, for the measured value of photocurrent I=10 nA we estimate the temperature increase at the excitation spot as ΔT~R⋄I/S, arriving at a value ΔT~1 K. Based on a heat balance model, including the 2D thermal conduction in the graphene sheet, this is a reasonable value for the laser power P=40 µW used in our experiment. The photothermal contribution is modeled by assuming a gaussian temperature profile, , where T0=298 K is the external temperature, xL is the position of the laser spot, RL is the laser spot size, and the amplitude is proportional to the laser power P0. In addition, we assume that the electron density changes smoothly For the present device parameters, photothermal currents were estimated to be larger than the photocurrents due to the conventional mechanism. Separating these contributions experimentally has not been done, but could perhaps be accomplished using a pulsed laser, as the direct mechanism leads to a faster response than the thermal one. The characteristic crossover pulse duration, below which the conventional mechanism dominates, depends on the details of the graphene-substrate interface, and has not yet been estimated or observed. Photocurrents calculated using Eq. (1) are shown in Fig. 2c and When the density outside the top-gate region is tuned near the charge neutrality point, denoted 0, the onoff response to creating a p-n interface is replaced with a symmetric response around charge neutrality under the gate, as shown in Fig. 3 . Sweeping the top gate across the Dirac point changes the overall device configuration symmetrically, from 0-p-0 to 0-n-0. In this case, the photocurrents generated along top-gate edges reverses across this transition.
The largest observed gate-dependent photocurrent was found in a bilayer device, shown in Fig. 4 , for λ = 532 nm and P = 30 µW. Spatial dependence of the photocurrent for the bilayer device in the n-n′-n regime (VT = -1 V), with weak (nearly absent) photoresponse at the gate edges, and in the n-p-n regime (VT = -10 V), where the photoresponse at the gate edge is strong, is shown in the insets of Fig. 4 .
Responsivity, defined as drain current per watt of incoming radiation, measured at two points on the device, at the edge of the top gate and the edge of one contact, are shown in the main panel of Fig. 4 . At the top gate edge, responsivity depends strongly on top gate voltage, turning on when a p-n junction is formed, and reaching 1.5 mA/W at VT = -10 V. This is comparable to the previous record for unbiased graphene photodetection 18 . The high responsivity with top gated devices reported here is achieved at zero bias and thus any dark current is absent. These results confirm that the underlying photothermal physics are similar in bilayer and single layer graphene devices. In addition, higher photocurrents can be achieved in bilayer graphene due to the higher light absorption by a factor of two.
In conclusion, by tuning both single-layer and bilayer gated graphene devices from bipolar to unipolar, we have demonstrated gate-activated photoresponse. Our results are consistent with a model of the photothermal effect, where elevated temperature at the pn-junction induces thermoelectric current through the junction. We anticipate that the responsivity can be further increased by converting incoming light more efficiently to a thermal gradient by integration with metallic plasmonic structures, or by reducing the device size, using transparent top gates, and by optimizing device technology to enable p-n devices in the ballistic regime 19 . Neither of the photocurrent generating mechanisms we have considered, photovoltaic nor photothermal, are limited by a band gap, and so are expected to give broadband gate-controlled response, though this remains to be demonstrated experimentally. With the possible extension into far-IR / THz radiation and the high conductivity of graphene, we envision broadband bolometers with submicron pixelation based on the demonstrated phenomena. with a transition from an n-n′ to an n-p junction under the laser (VD = 10 mV). Insets: scanning photocurrent image at VT = -1 V (n-n′-n) and -10 V (n-p-n). The grey boxes indicate the spots where the responsivity was extracted.
